This document provided information of laboratory calibration and field tests for T-TDR probes.
Materials and methods

Measurements of the T-TDR probe
TDR measures the travel time of electromagnetic waves (T) along a wave-guide of known length (L) inserted into the soil. The bulk  of the transmitted medium is therefore determined from T and L by the following equation (Robinson, Jones, Wraith, Or, & Friedman, 2003) ),
where L is the length of the coiled wires (i.e., 0.275 m), and c is the speed of light in a vacuum (i.e., 3 × 10 8 m/s). The √ expressing the ratio of the apparent probe length (i.e., cT/2) to the real probe length can be derived by Eq. (2) (Campbell, 2000) , which is the output value measured by the TDR100 probe (Campbell Scientific, Logan, UT, USA) :
Thus,  can be calculated as the square of the output value from the TDR100. Based on our design of a T-TDR probe, the measured  consequently resulted from the  of the soil phases (i.e., liquid, gaseous, and solid) and ceramic porous cup. We directly calibrated the measured  to , as described below, instead of determining the specific .
The pressure transducer (PA-750; Copal Electronics, Tokyo, Japan) records gauge pressure at a resolution of 0.1% of the full scale (i.e., 1 cm H2O), with a zero-referenced point against atmospheric pressure. The measurement range of the pressure transducer was from 0 to −1020 cmH2O, corresponding to the output voltage from 1000 to 5000 mV. Thus,  at the measurement position (i.e., the porous cup) can be derived by the following equation:  = α × (v − v0) + ∆z (3) where α is a unit conversion constant of −0.255 from voltage to cmH2O, v (mV) is the output value, v0 (mV) is the zero-referenced value of the pressure transducer being open to the atmosphere, and ∆z (cm) is the vertical distance between the positions of the pressure transducer and porous cup.
Experimental design for calibration of the T-TDR probes
Four soils were used in the calibration of the T-TDR probes, i.e., Ottawa sand (ASTM C778, U.S. Silica Co.) and disturbed field soils with three different particle sizes. The disturbed field soils were sampled at depths of 20-65 cm at an adjacent location with few rocks and roots, i.e., 3-m from the tree observed. We separated the disturbed soils into three groups for calibration: the mixed soils sampled at three depths (denoted "clay loam"), the mixed soils retained by a soil sieve with 2-mm openings (denoted "coarse loam"), and the mixed soils passing through a soil sieve with 2-mm openings (denoted "fine loam"). The sieved coarse loam contained more macro-aggregates, while the sieved fine loam contained more micro-aggregates.
Six T-TDR probes that were previously installed in the field were used for calibration with reference to the  derived by three commercially supplied  sensors (EC-5, Decagon Devices, Pullman, WA, USA) ( Figure S1a ). Six T-TDR probes were calibrated for the Ottawa sand, clay loam, and coarse loam, but only five T-TDR probes were calibrated for fine loam because one of the T-TDR probes failed. The calibration apparatus included an exterior plastic box that was initially filled with water and an internal plastic perforated box, in which test soils and sensors were installed ( Figure S1b ). Fine gauze was placed between the internal box and test soil to prevent soil losses. The coaxial cables of the T-TDR probes were connected to the TDR100 through a coaxial multiplexer (SDMX50, Campbell Scientific). Calibration began after the water had drained from the exterior box and ended when  reached approximately −200 cmH2O. The data measured by all devices were recorded with a data logger (CR1000, Campbell Scientific). The  measured from each T-TDR probe was compared to the mean  measured by the three EC-5 sensors.
The reference  measured by the three EC-5 sensors was also calibrated for the four soils described above. An EC-5 sensor measures  at a resolution of 0.001 cm 3 /cm 3 , with a range from 0 cm 3 /cm 3 to saturation, an accuracy of 0.03 cm 3 /m 3 , and outputs of 250-1000 mV at 2500 mV excitation voltage (Decagon, 2001) . We placed air-dried test soils into 10 or 20 paper cups, with a volume of 275 cm 3 and then sprayed different amounts of water to adjust the range of  from 0.05 to 0.45 cm 3 /cm 3 in 20 cups for Ottawa sand and in 10 cups for the other test soils. After the output voltage of the EC-5 sensors was recorded, the measured  was compared to the real  of each soil sample determined by the mass method (i.e., weight loss after drying).
Soil water content measured by T-TDR probes and EC-5 sensors in situ
Two trenches (i.e. trenches A and B) along the slope on both sides of the tree stem were dug to monitor soil water dynamics ( Fig. S2 ). Trench A was the main target in the present study, where T-TDR probes were installed to simultaneously measure both  and . As reference data, 22 EC-5 sensors were installed in trench B to measure  at depths of 5, 20-25, 35-40, and 60-65 cm along six measurement lines (i.e. B1-B6). In addition to fine roots, two coarse roots (20-25 cm in diameter) were found at a depth of 35 cm between measurement lines B3 and B5 in trench B. Thus, the environmental conditions were similar between trenches A and B. Temporal variations in  measured by EC-5 sensors in trench B could be used to validate those measured by T-TDR probes in trench A.
Measurements of soil water retention curves (SWRCs)
After the observation period, all of the T-TDR probes installed at the site were removed. Then, thin-walled steel samplers with a volume of 100 cm 3 were used to sample undisturbed soils at each location near the sensor installation in trench A. The soil samples were used to test their water retention characteristics in a laboratory. SWRCs using the pressure plate apparatus (SWRCPPA) and field datasets measured by T-TDR (SWRCTTDR) were determined at each measurement location.
For the pressure plate apparatus (PPA) method, the undisturbed soil samples were first saturated for 24 h, then placed in a pressure plate extractor (#1600, Soilmoisture Equipment, Santa Barbara, CA, USA) for  of 0, -20, -40, -50, -60, -80, -100, -120, -200, and -500 cmH2O. After attaining equilibrium at each value of ,  for each soil sample was calculated by the moisture loss from saturation. Based on the  and  datasets derived from the PPA method and T-TDR probes, SWRCPPA and SWRCTTDR were fitted using the model proposed by Kosugi (1996) :
( 1) where Se represents the effective saturation; s and r are the saturated and residual water contents, respectively; m is the matric potential head corresponding to the median soil pore radius; σ is a dimensionless parameter related to the width of the pore size distribution; Q is the complementary normal distribution function. SWRC was described by the four parameters of s, r, m, and σ, and these quantities were fitted to  and  datasets using the optimization tool of Excel Solver (Microsoft, Redmond, WA, USA). (Table S1) The calibration results from the three EC-5 sensors for the four soils are shown in Table S1 .
Results
Calibration of the EC-5 sensors
There were no significant differences in the output values among the three EC-5 sensors for all soils, suggesting that individual variation was small. The linear calibration equations presented high R 2 and low 95% prediction intervals for the four soils. The 95% prediction intervals for the four calibration equations ranged from 0.028 to 0.048, with a mean of 0.035 for the four test soils, which was similar to the accuracy of 0.03 cm 3 /m 3 for general soils declared by the maker (Decagon, 2001) . Thus, the  converted by our calibration equations for the EC-5 sensors (Table S1 ) was used as a reference value for the following tests and calibrations of the T-TDR probes. Figure S3 and Table S2 ) Figure S3 shows the relationships of  and  measured by the T-TDR probes to the mean  derived by the three EC-5 sensors for the four test soils. Although  and  decreased with a decrease of  in the drying processes, the relationships of  and  to  varied widely among the soils. The  varied more extensively with a slight decrease of  in the high  zone close to saturation than in the low  zone, particularly for the clay, coarse, and fine loam field soils. The R 2 of third-order polynomial regressions (i.e., calibration equations) were high for all soils, ranging from 0.878 to 0.932 (Table S2 ).
Calibration of the T-TDR probes (
Additionally,  increased with the increase of  in the calibration curve of the coarse loam, but the calibration curves of Ottawa sand, clay loam, and fine loam turned slightly downward in high  zones close to saturation ( Figure S3 ). Thus, we converted and fixed the measured  value to the maximum  when the measured  value was greater than the threshold value of  corresponding to the maximum  derived by the calibration equations (Table S2 ).
Accuracy of the Calibrated T-TDR probes (Figure S4 and Table S3)
Comparing  values converted from  with calibration equations (TTDR) to the measurements from the EC-5 sensors (EC5), we analyzed the accuracy of the T-TDR probes for each soil ( Figure  S4 ). The ratios of TTDR to EC5 ranged from 0.974 to 1.000, with an R 2 of 0.862-0.930 and RMSE of 0.008-0.025 for the four soils (Table S3 ), suggesting good calibrations for the T-TDR probes.
The 95% prediction intervals ranged from 0.018 to 0.048 in the decreasing order of Ottawa sand > coarse loam > clay loam > fine loam, which also corresponded to the order of RMSE values. From the calibration equations, the mean of the 95% prediction intervals was 0.033 for the four soils, which was very similar to the value obtained from the EC-5 sensors shown in Table S1 . Thus, the performance of the calibrated T-TDR probes was equivalent to that of the EC-5 sensors, with an accuracy of ± 0.033 cm 3 /cm 3 for  measurements.
Calibration equation of the T-TDR probes used for the field observation (Figure S5)
To verify which calibration equation was appropriate, we compared the  and dielectric constant () monitored in the backfilled-trench during the observation period to those measured in the calibration procedure ( Figure S5) . The shape of the - curve of coarse loam was most closely matched to the - curve for the backfilled-trench, showing small variations in  at  < 20 cmH2O, but extensive variations in  at  > 20 cmH2O. This tendency was not representative of the - curves of clay or fine loam, particularly in the near-saturated or saturated zones. Thus, the calibration equation for the coarse loam (Table S2 ) were used to covert the output values of the  from the T-TDR probes to  in the field observation.
Soil water dynamics monitored by T-TDR probes and EC-5 sensors in the field (Figures
S6 and S7)
The mean  increased rapidly during the rainfall events and decreased gently during the no-rainfall periods (Fig. S6) . These responses of  to the rainfall intensities were well monitored by the T-TDR probes and EC-5 sensors. In the largest event,  measured by both the T-TDR probes and EC-5 sensors plateaued at high values. Although saturated and unsaturated conditions cannot be detected only by  the plateaued  values measured by both the T-TDR probes and EC-5 sensors 5 likely resulted from saturated conditions. During the no-rainfall periods, the maximum variations (i.e., the differences between the maximum and minimum values) in the mean of  at 20-60-cm depths ranged from 0.03 to 0.08 for the T-TDR probes, and from 0.06 to 0.11 for EC-5 sensors.
Although the measured values of  varied with depths or locations, the temporal variations in  measured by the T-TDR probes and EC-5 sensors were reasonably well matched. It suggested that the performance of the calibrated T-TDR probes in the field was equivalent to that of the EC-5 sensors. Figure S7 shows the spatial variation of  in trench B measured using the EC-5 sensors during the heavy storm event, corresponding to Figure 6 in the main manuscript. At T0, low  values were observed at the center (i.e., B3 and B4) where two coarse roots intersected the soil profile. At T1, significant increases in  were found at B5-B6, but  little changed at the other measurement lines.
At T2,  significantly increased at all locations and large  values were found at the downslope part.
At T3,  became small at shallower depths and larger  values were measured in deep soil layers at B1-B1 and B5-B6. For the entire storm event,  increased from shallow toward deeper layers in most locations. However, it was difficult to show how water moved in soil layers due to the lack of  information. Thus, it was difficult to identify the causes of the faster response at B5-B6 and the effects of roots on soil water dynamics. (Figure S8) SWRCPPA and SWRCTTDR were significantly different at each location (Fig. S8) . The SWRCPPA had larger slopes and  values for  than the SWRCTTDR in both the wet and dry zones. In particular, steep increases in  in the near-saturated or saturated zones and plateaus in  at specific positive  values were found in the T-TDR dataset for most locations, which were recorded during the largest event. Because a SWRC is limited in the range of  ≤ 0 cmH2O, the fitted s of the SWRCTTDR were obviously smaller than the s of the SWRCPPA for most locations. Theoretically,  would be constant when  was greater than 0 cmH2O. The plateaus of  in the saturated zone were not caused by the measurement limitations of the T-TDR probes because their values were different for each location. Continuous increases in  in a narrow zone of  > 0 cmH2O would not be caused by an underestimation of  because the same tendency also appeared in the laboratory calibration experiments for the coarse loam, but not for the other soils (Fig. S5 ).
Differences between the SWRC PPA and SWRC TTDR
It has been reported that soil water hydraulic characteristics determined by laboratory and field methods are not necessarily consistent (Faybishenko, 1999; Liang et al., 2006) , such as the SWRCs determined by PPA and field datasets. Morgan et al. (2001) indicated that the differences between PPA-and field-determined SWRCs could be due to a combination of entrapped air in the field soil and the alteration of bulk density in laboratory samples. Moreover, the SWRCPPA was derived from a one-dimensional drainage path, but three-dimensional flow was possible in the field (Askarinejad et al., 2010) , which would enhance their differences. In addition to the finding in the previous studies, the differences between SWRCPPA and SWRCTTDR might be attributed that soil pores were initially filled by PPA method but would not necessarily be completely filled in the field. The field soil layers contain many preferential flow pathways as well as the macropores formed by roots and rocks, and therefore the field structure of soil pores is highly heterogeneous. Soil pores would not necessarily be completely filled and  continued to increase with the increase in positive  values during small or moderate storm events. When the rainwater supply was sufficient to cause a specific high positive  during a heavy storm event, the soil pores would be completely filled and  plateaued with an increase in positive  values. Thus, the SWRCTTDR was heavily influenced by root-induced macropores around the measurement locations of the T-TDR probes. Although the SWRCTTDR could be determined within a short period, with a large water supply in wetting processes, the steep increases and plateaus in  with positive  values will be an issue for future studies. Considering this issue in the fitting procedure of the SWRCTTDR would improve the estimations of  or  with the SWRCTTDR. Black circles and gray shapes on each plot indicate measurement points and roots exposed in the soil profile, respectively. Figure S8 . Soil water retention curves (SWRCs) derived from pressure plate apparatus (PPA) and a field dataset with the T-TDR probes at each observation depth at the measurement lines A1-A4. Coarse loam 1.98 × 10 -6 -3.57 × 10 -4 2.24 × 10 -2 -5.74 × 10 -2 0.878 n/a n/a Fine loam 5.91 × 10 -5 -5.98 × 10 -3 2.01 × 10 -1 -1.79 × 10 -0 0.901 31.85 0.465 Table S3 . Coefficients of linear regressions, root mean squared error (RMSE), and the 95% prediction interval (PI) of the volumetric soil water content () measured by T-TDR probes (TTDR) and EC-5 sensors (EC5) for each test soil shown in Figure S3 . 
